This study aimed to understand the impact on virulence and fitness of mutations in specific genes found after adaptation of Klebsiella pneumoniae to colistin. Isolates with an increase in their inhibitory concentration (MIC) to colistin of 32-to >128-fold were shown to have mutations in mgrB, phoPQ and pmrAB, all known regulators of pathways affecting membrane lipid content. When these strains were used in studies in Galleria mellonella there was no clear correlation between mutations in specific genes per se and loss of virulence. Strains which showed sequence duplication in the HAMP-domain of PmrB showed reduced virulence but strains with point mutations in pmrAB showed no decrease in virulence. Similarly, specific mutations in mgrB in individual strains showed either loss of virulence or no effect/increased virulence. This study suggests that the impact on virulence may be independent of the colistin resistance mechanism and reflects differences in individual strain backgrounds.
Infections with Klebsiella pneumoniae have become a major health concern due to their resistance to many frontline antibiotics. Resistance to colistin (CST), a last-resort antibiotic, is commonly associated with alterations to the bacterial outer membrane which change the negative charge of the LPS, disrupting CST binding. Mutations in the two-component systems, phoPQ and pmrAB, together with changes in the PhoPQ regulator mgrB, have been shown to contribute to increased resistance to CST [1, 2] . For other Gram-negative multidrug-resistant (MDR) pathogens, particularly Acinetobacter baumannii, CST resistance has been linked with increased susceptibility to other antimicrobials [3, 4] as well as loss of fitness and virulence [5, 6] . Whilst there has been a fitness cost observed following CST adaptation in Klebsiella, this was not linked to specific mutations [7] . This study aimed to understand the fitness cost of specific mutations in CST-adapted K. pneumoniae strains and whether certain mutations have increased clinical significance due to retention of fitness and virulence following adaptation to CST.
Adaptation to CST was carried out by culturing K. pneumoniae clinical isolates in tryptic soy broth (TSB) supplemented with 0.5 mg l À1 CST. Cultures were passaged every 2 days in twofold increasing concentrations of CST until a final concentration of 8 mg l
À1
. Stability of mutations was assessed by culturing CST-resistant isolates in the absence of CST for 10 passages. The population of CST-resistant isolates generated for each original strain were wholegenome sequenced by PHE-GSDU on an Illumina (HiSeq 2500) as previously described [8] . Potential individual mutations were identified using Galaxy [9] . CST-resistant populations were streaked out for single colonies and individual clones with specific mutations were identified by Sanger sequencing. Clones which showed mutations in specific genes were then further whole-genome sequenced to identify other mutations present in the genome.
Wax moth larvae (G. mellonella) were purchased from Livefood UJ (Rooks Bridge, Somerset, UK) and were maintained on wood chips in the dark at 14 C. They were stored for no longer than 2 weeks. Bacterial infection of G. mellonella is as essentially described [10] . Data were analysed using the Mantel-Cox method using Prism Software Version 6 (Graphpad, San Diego, CA, USA). K. pneumoniae was heated at 90 C for 15 mins in PBS to generate heat-killed bacteria. Inocula were plated out on TSB plates to check for lack of growth.
The MICs of various antimicrobial compounds for K. pneumoniae isolates were determined using a broth microdilution method with a starting inoculum of 1Â10 5 c.f.u. ml
. The OD 600 was measured after 20 h of static incubation at 37 C and the MIC was defined as the lowest concentration of antibiotic/disinfectant at which no bacterial growth was All strains were able to 'adapt' to increasing concentrations of CST with an increase in MICs ranging from 32-to >128-fold. Whole-genome sequencing of K. pneumoniae CSTadapted strains showed genetically 'mixed' populations with the exception of strain 16. Separation of these mixed populations into individual clones revealed multiple mutations in genes previously associated with CST resistance in Klebsiella (Table 1 ). All non-synonymous mutations in mgrB, pmrAB and phoPQ described were found to be intolerant according to SIFT (sorting intolerant from tolerant) analysis, suggesting that they are likely to alter function. Mutations in mgrB, the PhoP negative feedback regulator, included non-synonymous single-nucleotide polymorphisms (SNPs) as well as frameshift mutations and a transposon insertion into the promoter region. For PmrB, as well as non-synonymous SNPs and a 9 bp deletion, there was a duplication of several amino acids in a transmembrane section (either amino acids 72-87 or 77-87). Only one mutation was identified in PmrA (G53C) and two strains contained mutations in PhoQ (L348Q and T244N). For one strain, 13439 CST 1A, the exact mechanism of colistin resistance was not identified.
To understand whether fitness and virulence are affected by specific mutations, larvae of the wax moth, G. mellonella, were used as a model of infection (Fig. 1) . Strains 16 and NCTC 13438 were avirulent at an infectious dose of approximately 1Â10 7 c.f.u. in Galleria and were therefore not tested. For all CST-resistant derivatives of NCTC 13439 and M3, regardless of the type of mutation, virulence was retained or enhanced (P<0.0001) compared to wild-type (WT). Strain MGH 78578 CST A also showed enhanced virulence when compared to WT (P<0.0001). All other CSTadapted strains tested had reduced virulence. To ascertain whether virulence was related to growth of isolates, growth curves were performed in TSB media (Fig. S1 , available in the online Supplementary Material). The only two strains which displayed a growth defect were 13443 CST A and CST B (both had sequence duplication in pmrB). These strains also showed reduced virulence.
Analysis of previous research on two pairs of ST258 clinical K. pneumoniae strains (one pre-and one post-CST treatment per pair) showed that one strain retained virulence and the other had attenuated virulence following CST exposure [10] . The mgrB, pmrAB and phoPQ genes from these strains were sequenced, both CST-adapted strains (51 851 and 49 856), regardless of loss/retention of virulence, had an SNP mutation in mgrB (Q30STOP).
Since the mutations observed here led to changes in LPS and LPS is frequently cited as being a virulence factor, it is feasible that specific mutations led to increased proinflammatory LPS. Therefore, death of Galleria may be associated with the presence of particular LPS modifications rather than live bacteria. To test this theory, G. mellonella were injected with a comparative inoculum of heat-killed (HK) K. pneumoniae. For all strains tested, both WT and CST-adapted, no significant larval death was observed associated with HK K. pneumoniae (Fig. 1) . This suggests that live bacteria are necessary for virulence.
Studies have shown that acquisition of CST resistance may lead to increased susceptibility to other antibiotics. We therefore tested the MIC levels of CST-resistant strains in comparison to WT strains (Table 2) . With the obvious exception of polymyxin B and a few other isolated incidences, there was little or no change in the susceptibility to other tested antibiotics. For 13443 CST 2A there was evidence for plasmid loss, with the armA and bla NDM-1 genes being absent from this strain, which explains the increased susceptibility to aminoglycosides (particularly amikacin) and meropenem. For strain 16 CST 1, which showed increased susceptibility to meropenem whilst there was evidence for plasmid loss, the bla OXA-48 gene was still present.
This study has shown that in K. pneumoniae there is little direct correlation between mutations in particular genes linked to CST resistance and retention of fitness/virulence. Rather, retention of fitness appears to be influenced more by specific strain backgrounds, with some strains capable of accommodating different mutations with no significant loss of virulence (e.g. M3 and NCTC 13439). We also saw little evidence for increased susceptibility to other antibiotics, regardless of their specific mutations.
Mutations were observed in mgrB, pmrAB and phoPQ, across a range of different strain types. These genes are part of a coordinately regulated pathway leading to increased expression of the arnBCADTEF operon, which modifies LPS by the addition of 4-amino-4-deoxy-L-arabinose (LAra4N). This modification leads to a decrease in the binding affinity of CST [11] . Therefore, it is surprising that mutations in mgrB, pmrAB and phoPQ had varying effects on virulence in Galleria, dependent upon the strain background. However, as these regulators affect a range of different pathways, it is possible that specific alleles have a pleiotropic effect on virulence.
In A. baumannii, retention of virulence following CST adaptation appeared to be linked more to specific gene mutations, with mutations in pmrAB (modify LPS), having less of an effect on fitness when compared to mutations in lpx genes (lacking LPS) [4, 12] . In K. pneumoniae, whilst sequence duplication present within the HAMP linker domain of pmrB reduced virulence of three strains (13443 CST A, 13443 CST B and M109 CST 2B), a P95L change in the same domain did not reduce virulence. The HAMP domain plays an essential role in signal transduction, and mutations in this domain can affect signal transduction through the reduction of functional coupling due to loss of domain symmetry [13] . The role of MgrB in virulence remains to be elucidated, but PhoPQ (upon which MgrB acts) has been shown to regulate genes involved in virulence IP: 54.70.40.11
On: Wed, 02 Jan 2019 08:31:47 Table 1 . List of strains used and description of mutations in mgrB, pmrAB and phoPQ following CST adaptation in organisms such as Salmonella enterica. Inactivation of phoP or phoQ or hyper-activation (gain of function in phoQ) resulted in attenuation of virulence in mice [14, 15] . Members of the Enterobacteriaceae family, where homologues of mgrB have been identified, contain several conserved residues centred around two periplasmic cysteines necessary for di-sulphide bonding to produce the repressive effect on phoQ [16] . All SNPs except one (V1E) are in conserved residues, including C39, and presumably act to repress binding to phoQ. The change V1E probably affects translation of MgrB and/or protein stability produced by modifying protein turnover by cellular peptidases. Previous research has shown that CST-resistant ST258 strains (due to mgrB inactivation by IS insertion) had virulence comparable to their respective WT strains [17] , but we have shown here that an ST258 strain (51851) that developed a mutation in mgrB following CST treatment had attenuated virulence and in two other strains, mutations in mgrB did lead to attenuated virulence (M109 CST 1B, MGH 78578 CST B).
Although the pool of isolates is small, this study does raise intriguing questions about the ability of certain K. pneumoniae strains to become more readily resistant to CST whilst 
